Abstract: An experimental program was conducted to investigate the combined effects of sustained load and freeze-thaw cycling exposure on the flexural behaviour of reinforced concrete (RC) beams strengthened in flexure using prestressed NearSurface Mounted (NSM) Carbon Fibre Reinforced Polymer (CFRP) strips. Two sets of five large-scale simply supported rectangular RC beams (sets BS-F and BS-FS) were tested. Each set consisted of one un-strengthened control beam and four beams strengthened using NSM-CFRP strips prestressed to 0, 20, 40, and 60% of the CFRP ultimate tensile strength. After strengthening, the beams from set BS-F were exposed to 500 freeze-thaw cycles. The beams from set BS-FS were exposed to 500 freezethaw cycles; simultaneously, each beam in this set was subjected to a sustained load representing 47% of the theoretical ultimate capacity of the non-prestressed NSM-CFRP strengthened beam. Thereafter, the beams were tested at room temperature under static monotonic loading in four-point bending configuration until failure. The damage done to the beams due to environmental exposure and long-term loading was evaluated, and furthermore, the effects of sustained load and freeze-thaw exposure were discussed on the load-deflection response, type of failure, ductility, energy absorption, and strain in CFRP strips. Analysis of the results revealed the significant effects of the sustained load and freeze-thaw cycling exposure on the flexural performance of RC beams strengthened with prestressed and non-prestressed NSM-CFRP strips.
INTRODUCTION
Deterioration of reinforced concrete (RC) structures due to severe weather conditions is a matter of concern in many countries. Upgrading a deteriorated structure can be done by different methods and a feasibility study is necessary to find the proper upgrading method for a damaged structure. Performing a feasibility study requires an understanding about the long-term performance of different upgrading methods under existing environmental conditions in the geographical context, only the combined effects of freeze-thaw exposure and sustained load on the behaviour of nonprestressed NSM-CFRP strengthened RC beams were investigated by Derias (2008) and Mitchell (2010) .
Therefore, the objectives of this paper are to investigate the effects of freeze-thaw exposure and also the effects of combined freeze-thaw exposure and sustained load on the performance of RC beams strengthened with prestressed and non-prestressed NSM-CFRP strips. The discussion is related to the deterioration of the beams under the applied environmental exposure and long-term loading, the load-deflection response, ductility index (ratio of deflection at ultimate to deflection at yielding), energy absorption (area under load-deflection curve up to yielding and peak loads), strain profile along the length of the NSM-CFRP, and failure mode.
EXPERIMENTAL PROGRAM

Test Matrix
The test matrix consisted of two sets: BS-F and BS-FS as presented in Table 1 . Each set consisted of five RC beams: one un-strengthened control beam (B0), one beam strengthened using non-prestressed NSM-CFRP strips (BS-NP), and three beams (BS-P1, BS-P2, and BS-P3) strengthened using prestressed NSM-CFRP strips with 20, 40, and 60% of the ultimate tensile strain of the CFRP strips. Each beam from set BS-F was initially loaded after strengthening up to 1.2 times its cracking load, and then, subjected to 500 freeze-thaw cycles. On the other hand, each beam from set BS-FS was subjected to a load of approximately 62 kN (47% of the theoretical ultimate load of the non-prestressed
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analytical studies on using prestressed NSM-CFRP reinforcements for flexural strengthening of RC members (Nordin and Täljsten 2006; De Lorenzis and Teng 2007; Gaafar 2007; Badawi and Soudki 2009; Omran and El-Hacha 2010 El-Hacha and Gaafar 2011; Oudah 2011; Oudah and El-Hacha 2011 ElHacha and Oudah 2013) . A state-of-the-art paper has been published recently by El-Hacha and Soudki (2013) that summarizes research on prestressed NSM FRP for flexural strengthening of RC beams along with a comprehensive review of the techniques and anchorage systems developed to prestress the NSM FRP. In earlier studies, the prestressing was applied against both ends of the RC beams or against an independent steel reaction frame, which is impractical for field applications (Nordin and Täljsten 2006; De Lorenzis and Teng 2007; Badawi and Soudki 2009) . Therefore, an innovative mechanical anchorage system was developed that enables prestressing of the NSM-CFRP strips or rebars against the concrete beam itself (Gaafar 2007; El-Hacha and Gaafar 2011) . So far, the performance of the NSM-CFRP strengthened beams using the developed practical prestressing system have been studied under static and fatigue loading, and freeze-thaw cycling exposure (Gaafar 2007; Omran and El-Hacha 2010 El-Hacha and Gaafar 2011; Oudah 2011; Oudah and El-Hacha 2011 El-Hacha and Oudah 2013) . However, no studies have considered the effects of combined freezethaw exposure and sustained load on the behaviour of prestressed NSM-CFRP strengthened RC beams. In this NSM-CFRP strengthened RC beam) and 500 freezethaw cycles. Thereafter, each beam was tested at room temperature under quasi-static monotonic loading up to failure in four-point bending configuration having simply supported end conditions.
Details of Beams
The beams were 5150 mm long with 5000 mm span length centre-to-centre of the supports and a rectangular cross-section of 200 ∞ 400 mm. Details of the beams and test set-up are shown in Figure 1 . The tension steel reinforcement consisted of 3-15M deformed steel bars with a total area of 600 mm 2 , and the compression steel reinforcement consisted of 2-10M deformed steel bars with a total area of 200 mm 2 . The stirrups consisted of 25-10M deformed steel bars. Each beam was strengthened using two 2 ∞ 16 mm rough textured CFRP strips glued together side-by-side on the width and mounted in one groove pre-cut on the tension face of the beam [shown in Figure 1 (b)]. The CFRP strips were prestressed using the anchorage system developed by Gaafar (2007) . By employing this system, the prestressing can be accomplished against the beam itself with temporary brackets bolted to the side of the beam and end anchors bonded to the CFRP strips as depicted in Figure 1 (c). More details about the prestressing procedure and the beams can be found in Gaafar (2007) , Gaafar (2011), and Omran (2013) . Table 2 . The high standard deviation in the concrete strength is a result of the severe environmental exposure on the specimens, which results in a greater variability.
Material Properties
For each set of the cast beams, concrete cylinder specimens were placed in the environmental chamber along with the beams under the same exposure. After exposure to 500 freeze-thaw cycles, it was observed that the concrete cylinders from set BS-FS were severely damaged so that nothing was left from the concrete cylinders to be tested. However, the average concrete compressive strength was obtained using a Schmidt hammer test (considering a minimum of 15 readings) on the exposed beams at the time of testing the beams to failure. It should be mentioned that the top surfaces of the beams (up to a depth of 50 mm) were severely deteriorated in comparison to the other parts of the beams. The static testing to failure for each set of the beams was performed within two weeks.
CFRP strips
The material properties of the CFRP strips are presented in Table 3 . Beam BS-P3-FS was strengthened using different batch of CFRP strips due to shortage of the CFRP strips, however, the CFRP material property from the two batches are almost similar.
Epoxy adhesives
Two types of epoxy adhesives, produced by Sika Inc., were employed for the NSM strengthening. Sikadur ® 330 was used to connect the CFRP strips into the steel anchors, and Sikadur ® 30 was used to fill in the groove made in the concrete. The material properties of these adhesives are presented in Table 4 . 
Freeze-Thaw Cycling Exposure
The applied freeze-thaw cycling exposure was defined based on the weather condition in Canada. The average maximum and minimum mean daily temperatures and the annual mean relative humidity were obtained from the Canadian Highway Bridge Design Code (CAN/CSA-S6-06, 2011). The five cracked beams from set BS-F were subjected to 500 freeze-thaw cycles inside an environmental chamber, which was programmed to accomplish three cycles per day between +34 °C to -34 °C with a relative humidity of 75% for temperatures above +20 °C. The beams from set BS-FS were subjected to the similar freeze-thaw cycle applied to set BS-F except that the 75% relative humidity at temperatures above +20 °C was replaced with fresh water spray (at a rate of 18 L/min for a time period of 10 min) at a temperature of +20 °C to increase the severity of the applied exposure. The water sprayed through 16 nozzles aimed directly at the beams: 8 located 1.2 m above the beams and 8 located 0.2 m below the beams on the chamber walls. The trend of three freezethaw cycles is shown in Figure 2 including the programmed and the measured temperatures inside the environmental chamber, the temperature in the concrete core of the beams (measure using thermocouples), and the programmed humidity. The recorded temperatures in the concrete core confirm the occurrence of freezing and thawing throughout the depth of the beam in each cycle. It should be mentioned that due to using the humidity or water spray, it took longer for the chamber to reach the programmed temperature and each cycle was accomplished in an average of 9.6 hrs, as can be seen in Figure 2 . More details about the applied freeze-thaw exposure can be found in Omran (2013) . It should be noted that the aim of this research was not to apply the same environmental conditions for the two sets. Simply two different conditions were applied and the damages done to the beams were compared together. Most researchers have considered 300 freeze-thaw cycles in their studies (Santofimio 1997; Bisby and Green 2002; Dent 2005; Laoubi et al. 2006; Tam 2007; Oldershaw 2008; Mitchel 2010) , while in this research 500 freeze-thaw cycles were applied to investigate the effects of long-term severe environmental exposure and high number of the cycles. Bisby and Green (2002) estimated that 300 freeze-thaw cycles applied on smallscale beams (having a lower temperature bound of -18 °C and an upper temperature bound of +18 °C at a rate of one cycle per day) correspond to somewhere between 10 to 20 years for an exterior application in Toronto; Laoubi et al. (2006) estimated that freeze-thaw cycles ranging from 100 to 360 (having a lower temperature bound of -20 °C and an upper temperature bound of +20 °C at a rate of two cycles per day) applied on small-scale beams, conservatively covers the lifetime of a structure in North America. In this context, what is obvious is that the selected number of cycles by these researchers is arbitrary and depends on the location of the structure and many environmental factors, which almost make it impossible to have an exact estimation for the corresponding lifetime. However, the authors believe that the nature of the cycles is more severe than what would be typically encountered in reality and it is possible to have an estimation of the minimum corresponding lifetime having the annual freeze-thaw frequency of the relevant geographic location. For instance, considering an average freeze-thaw frequency of 39 cycles per year for Canada (Fraser, 1959) , the accelerated 500 cycles used in this study (500 ∞ 9.6 hrs = 4800 hrs = 200 days), that is equivalent to 0.55 year of exposure inside the chamber, corresponds to about a minimum lifetime of 13 years.
Sustained Loading
Five beams from set BS-FS were loaded inside the environmental chamber for the period of the freeze-thaw exposure using a self-reacting loading system, shown in experiment, each beam was under its self-weight at the time of strengthening and the sustained load was applied after strengthening. In real applications, this case is possible to happen when the structure is abandoned during strengthening and opens to the public after upgrading. An example of this condition is bridge strengthening. Therefore, the authors considered the worst-case scenario in the experimental program where the bond interface is subjected to sustained stresses due to the applied prestressing force and also due to the sustained load. The target value of the sustained load (62 kN) was selected by satisfying a creep-rupture stress limit of 65% of ultimate tensile strength of CFRP strips and a tension steel stress limit of 240 MPa as recommended by CAN/CSA-S6-06 (2011), and also an allowable concrete compressive stress under service and prestress of 0.45f' c as recommended by CAN/CSA-A23. 3-04 (2004) . The reinforced concrete beams under sustained load before and after 500 freeze-thaw cycles are shown in Figure 3(b) .
In this research, to monitor the value of sustained load in regular time periods during exposure, two strain gauges were installed on each Dywidag bar shown in Figure 3(b) . Furthermore, the vertical deflection of each beam was monitored using Linear Strain Conversions (LSCs) installed at mid-span location. Prior to sustained loading, two trial instant loadings were applied to the system to check the performance of the instrumentations and the frame system developed for the sustained loading. Then, the sustained load was applied and the system was locked. The system was monitored for three days and the loss in load was measured, then, the applied load was modified and checked in regular time period of one week to keep the value of the applied load constant. Therefore, three stages of sustained loading were applied during the period of the exposure.
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Advances in Structural Engineering Vol. 17 No. 12 2014 The load-deflection history for each beam is shown in Figure 4 representing the two instant loadings and unloading stages, and the three sustained loading and unloading stages. The sustained load history is shown in Figure 5 , which indicates the beams were under slightly different sustained loads (ranging from 59.8 kN to 64.6 kN representing 47 ± 1.6% of the theoretical ultimate load of the non-prestressed strengthened beam, BS-NP) The beams were under slightly different sustained loads; this is expected due to the different stiffness of the beams under the loading system. In the first stage, the beams were subjected to sustained load for four days at room temperature to investigate the performance of the developed sustained loading system. In the second stage, the beams were subjected to sustained load and freezethaw cycles for three weeks. Then, the load was adjusted for the third stage, and the beams were subjected to sustained load and freeze-thaw cycles for six months. During the exposure, the system was checked and adjusted in regular period of one week, also, the strain in tension and compression reinforcing steel bars at midspan, strain in the CFRP strip at mid-span, and the vertical deflection at mid-span were all recorded at a rate of one reading every 1 min. It should be noted that the LSCs placed at mid-span of the beams B0-FS, BS-NP-FS, BS-P1-FS, and BS-P2-FS were damaged under freeze-thaw cycles and the after exposure permanent deflection in these beams was estimated using the trend-line as shown in Figure 4 . It should be noted that in Figures 4 The fluctuations at the peaks are due to load adjustment and freeze-thaw cycles
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The fluctuations at the peaks are due to load adjustment and freeze-thaw cycles
The fluctuations at the peaks are due to load adjustment and freeze-thaw cycles Figure 4 . Load-deflection history for beams in set BS-FS sustained load corresponding to the recorded deflection of each beam was calculated using the load-deflection responses of the beams from set BS-F (shown in Figure  7 ) that were similar to the beams in set BS-FS (for example the value of measured deflection under sustained load for each beam was pluged into Figure 7 and the corresponding load was determined for the same beam, this value of the load is used in Figures 4 and 5) . The effects of the applied exposure (combined sustained load and 500 freeze-thaw cycles) on the beams from set BS-FS were significantly severe, and therefore, resulted in large permanent deflections ranging from 8 to 15.6 mm. 
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RESULTS AND DISCUSSIONS
It should be noted that the results presented in this section might not be statistically significant due to the limited number of the tested beams reported in this research, however, they would provide a better understanding on the performance of the prestressed NSM-CFRP strengthened RC beams subjected to freeze-thaw cycles and sustained load. Therefore, although it is out of scope of this paper to be cited, the tested beams were simulated using finite element and analytical models followed by an extensive parametric study to investigate the effects of different parameters that still might be influenced by the number of the specimens. More details can be found in Omran (2013) .
Deterioration due to Applied Freeze-Thaw
Exposure and Sustained Load Photos of the beams after being subjected to the freezethaw exposure (for set BS-F) and the combined environmental exposure and sustained load (for set BS-FS) are shown in Figure 6 , representing the damages and cracks occurred in the beams.
The applied freeze-thaw exposure combined with sustained load resulted in permanent deflections at midspan of 15.6 mm, 13.7 mm, 11.5 mm, 10.1 mm, and 8 mm for beams B0-FS, BS-NP-FS, BS-P1-FS, BS-P2-FS and BS-P3-FS, respectively. Minor thermal cracks and insignificant damage to the concrete and the concrete-epoxy interface (due to freeze-thaw exposure) were observed in set BS-F. On the other hand, extensive thermal and flexural cracks and significant damage to the concrete and the concrete-epoxy interface (due to combined freeze-thaw exposure and sustained load) were observed in set BS-FS. The flexural cracks (due to sustained load) occurred in the beams strengthened with prestressed NSM-CFRP strips (BS-P1-FS, BS-P2-FS, and BS-P3-FS) were less than those in the beam strengthened with non-prestressed NSM-CFRP strips (BS-NP-FS). These cracks occur less as the prestressing level increases. However, the beams almost had similar amount of the thermal cracks.
Furthermore, it was observed that debonding occurred at the end regions of the NSM-CFRP strips at the concrete-epoxy interface in set BS-FS, as can be seen in Figures 6(d) , 6(f), 6(h), and 6(j). The lengths of the debonded regions are presented in Table 5 . The values are measured from the front of the end anchors towards the mid-span. These observations revealed that the RC beam strengthened with prestressed NSM-CFRP strip is prone to debonding up to 65% of the total
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Advances in Structural Engineering Vol. 17 No. 12 2014 prestressing length. On the other hand, no sign of debonding was observed in the non-prestressed NSM-CFRP strengthened RC beam, BS-NP-FS. In fact, the beam strengthened with prestressed NSM-CFRP strips is susceptible to debonding under freeze-thaw exposure and sustained load while the beam strengthened with non-prestressed NSM-CFRP strips is not. The reason for this phenomenon is that the concrete surrounding the prestressed NSM-CFRP strips is under shear stress and due to its degradation under freeze-thaw exposure the bond capacity at the concrete-epoxy interface gradually decreases and leads to debonding. More observations revealed that the debonded length at the jacking end of the NSM-CFRP is higher than that at the fixed end. The reason for this phenomenon is that the concrete-epoxy interface is under more shear stress at the jacking end than the fixed end, since the steel anchor at jacking end was bolted after adhesive cured (24 hrs after prestressing) and then the jacks used for prestressing were released. This procedure applies more shear stress at the concrete-epoxy interface at the jacking end. More details can be found in Omran (2013) .
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Load-Deflection Response
The test results are presented in Figure 7 and Table 6 . For set BS-F, the load-deflection curves include the negative camber (upward deflection) due to prestressing, yielding of the tension steel bar (identified by the points on the curves where there is significant change in the slope of the load-deflection response due to the decrease in the stiffness of the beam), the CFRP rupture or concrete crushing which causes a large drop in the applied load at ultimate, and the post failure behaviour. On the other hand, for set BS-FS, the loaddeflection curves comprise the negative camber due to prestressing, yielding of the tension steel bar, concrete crushing or NSM-CFRP debonding, and post failure. A similar negative camber ranging between 0.5-1.7 mm for beams from set BS-F and between 0.3-1.7 for beams from set BS-FS was recorded one week after Figure 6 . Photos of the beams after being subjected to freeze-thaw cycles, and freeze-thaw cycles and sustained load (before flexural test under staic load) prestressing. The values of the initial and effective prestrain in the CFRP strips, computed by taking the average of the strain values at the constant moment region of the beams, are presented in Table 6 indicating an average prestress loss of 2.6 ± 0.4% and 2.4 ± 0.3% for set BS-F and BS-FS, respectively, one week after prestressing. These prestress losses occurred due to seating losses (small anchorage slip due to removing the temporary brackets) and elastic shortening of concrete.
The obtained cracking load of the prestressed strengthened beam shows significant increase due to prestressing (up to 153% for set BS-F) with respect to
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BS-NP-F BS-P1-F BS-P2-F BS-P3-F B0-F BS-NP-FS BS-P1-FS BS-P2-FS BS-P3-FS B0-FS
: CFRP rupture : Concrete crushing O : Concrete crushing and NSM CFRP debonding, simultaneously F : Freeze-thaw exposed beams FS : Freeze-thaw and sustained load exposed beams ε pi = initial prestrain due to prestressing ε peff and ∆ oeff = effective prestrain and camber at 7 days after prestressing ε frp@u = CFRP strain at failure at mid-span ∆ operm = camber after exposure for set BS-FS and after initial loading (cracking) for set BS-F P cr and ∆ cr = load and deflection at cracking P y and ∆ y = load and deflection at yielding P u and ∆ u = load and deflection at ultimate Φ = energy absorption (area under P-∆ curve up to peak load) µ = ductility index = ∆ u /∆ y CC = failure by concrete crushing FR = failure by CFRP rupture CC-DB = concrete crushing followed by the NSM-CFRP debonding, almost simultaneously DB-CC = failure initiated by the NSM-CFRP debonding and concrete crushing almost simultaneously, followed by the concrete crushing the non-prestressed strengthened beam. The unstrengthened control beams showed a low cracking load which is due to the presence of the micro-cracks in the large-scale beams before testing, mainly caused from moving the beams during the testing process. After this stage, the freeze-thaw exposure started on both sets. Set BS-F was placed inside the environmental chamber under 500 freeze-thaw cycles, and set BS-FS was placed inside the chamber under 500 freeze-thaw cycles while each beam was subjected to a sustained load of 62 kN, equal to 47% of the theoretical ultimate load of the nonprestressed NSM-CFRP strengthened RC beam (BS-NP-F). After 200 days, both sets were removed from the environmental chamber; the beams were kept at least three days at room temperature before being tested under four-point quasi-static monotonic loading up to failure. It should be noted that the cracking loads and the corresponding deflections for the beams of set BS-FS are not presented in the Table 6 . Since all the beams work interdependently under the loading frame used to apply the sustained load, finding the exact cracking load for each beam is not possible. Also, the limited space in the chamber during loading did not allow for the discovery of the cracking load for each beam by visual inspection.
Comparison at yielding stage shows an average reduction of 19.2 ± 1.4% and 26.4 ± 4.6% in the load and the deflection at yielding of the beams in set BS-FS with respect to the corresponding beams in set BS-F, respectively. Besides, an average reduction of 27.5 ± 7% was observed in the ultimate load of the beams in set BS-FS in comparison to set BS-F. Furthermore, the deflection at ultimate for the beams in set BS-FS shows an average reduction of 51.6 ± 15% in comparison with the beams from set BS-F. These significant reductions are the results of the damage done to the concrete and the concrete-epoxy interface of the beams in set BS-FS due to the combined effect of freeze-thaw exposure and sustained load.
The failure modes of the beams are marked in Figure 7 . Five exposed beams in set BS-F showed a typical failure mode, i.e., tension steel yielding followed by CFRP rupture or concrete crushing. On the other hand, the exposed beams in set BS-FS failed at early stage after yielding due to concrete crushing; concrete crushing followed by the NSM-CFRP debonding, almost simultaneously; or an initial NSM-CFRP debonding and concrete crushing, almost simultaneously, followed by the concrete crushing.
Comparing the load-deflection curves of sets BS-FS and BS-F reveals that in set BS-FS the concrete was significantly affected and was damaged more than the beams in set BS-F. This damage caused an early concrete crushing failure or a combination of the NSM-CFRP debonding and concrete crushing failure in the cases of beams BS-P3-FS and BS-P3-FS.
Energy Absorption and Ductility
A comparison between energy absorptions of the two sets is presented in Figure 8 . The yield load energy absorptions defined as the area under the load-deflection curve up to the yield loads are shown in Figure 8(a) .
As can be seen in Figure 8 (a), the trends for both sets are ascending versus the prestrain increase in the CFRP strips. However, it is clear that set BS-FS showed a significant reduction in energy absorption in comparison with set BS-F, with an average reduction of 40.1 ± 4.1%. On the other hand, the trends of the peak load energy absorptions defined as the area under the load-deflection curve up to the peak load are descending versus the prestrain increase in the CFRP strips, as shown in Figure 8 (b). An average decrease of 63.9 ± 14.9% in the energy absorption was observed for set BS-FS in comparison with set BS-F. Besides, the results Table 6 show an average decrease of 33.3 ± 22.4% in the ductility indices (defined as the ratio of the deflection at ultimate to the deflection at yielding) of set BS-FS in comparison with set BS-F. It should be noted that the high standard deviations for the energy and ductility reductions are due to the reason that the reductions do not follow similar trend for the two sets, as can be seen in Figure 8(b) . This is an outcome of the effect from the severe environmental exposure on the specimens, which resulted in a greater variability in both the peak load and the deflection at the peak load for the corresponding beams from the two sets. However, this behaviour was not observed up to yielding and both sets have similar trend, as can be seen in Figure 8(a) .
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Strain Profile along the CFRP Strips
The strain profiles along the length of the NSM-CFRP strips at yielding and ultimate loads are shown in Figures 9(a) and (b), respectively. In each figure, the profiles for set BS-F can be compared with the ones for set BS-FS. These profiles are plotted based on the reading of strain from the installed strain gauges at specified locations along the length of the CFRP strips. These strain gauges were protected with special sealing coat before subjecting the beams to the accelerated environmental exposure to avoid possible damages to them.
For beams BS-NP-F and BS-NP-FS the strains are close to zero at the ends of the CFRP strips at yielding and ultimate load levels [as shown in Figures 9(a) and  (b) ]. This implies the presence of the full bonding at the end and also complete contribution of the epoxy adhesive in transferring the forces between the CFRP strips and the surrounding concrete. Furthermore, the concrete-epoxy interface at the end of the NSM-CFRP strips is highly affected by stress concentration, which caused debonding at the end portion of the NSM-CFRP strips under sustained load in the prestressed strengthened beams, BS-P1-FS, BS-P2-FS, and BS-P3-FS. In this case, after occurrence of debonding, the end anchors have full contribution in transferring the load from the NSM-CFRP strips to the concrete. On the other hand, the debonding was not observed in the prestressed beams from set BS-F since they were not subjected to a sustained load. In this case, before occurrence of debonding, the end anchors have partial contribution in transferring the load.
In Figure 9 (a) the drop in strain at length 4350 mm is an outcome of small slippage after removing the brackets and transferring the prestressing force to the steel end anchor (more details about the prestressing procedure can be found in Gaafar (2007) ; El-Hacha and Gaafar (2011); and Omran (2013) ; this value of loss at the end location increases when the prestressing level increases, but it only affects a very short length (about 100-200 mm) and can be avoided by making sure that the anchor is in complete contact with bolts before removing the brackets (Omran 2013) . It has been suggested that in cases where there is a gap, it can be filled with epoxy to minimize the possible slippage or seating loss (Omran 2013) . The sudden increase in strain level that can be seen in Figures 9(a) and (b) , e.g., at distance of 3000 mm from the support (at the point load location of the beam) for beam BS-P2-F, is most likely a local effect on the CFRP strain caused by formation of the cracks in the concrete at the point load location.
Analyzing the results reveals that, when there is no debonding, the highest strain in the NSM-CFRP strips occurs at the constant moment region of the beams (location 2000-3000 mm) as can be seen in Figure 9( strengthened beams from set BS-FS. Since the prestressed strengthened beams debonded under environmental exposure, the strain profile is almost constant along the length of the NSM-CFRP strips. In Figures 9(a) and (b), the strain profile values for set BS-FS are smaller than the corresponding profile values for set BS-F. The reason is that the beams from set BS-FS have smaller yielding and ultimate loads than the corresponding beams from set BS-FS, as presented in Table 6 . Having smaller yield and ultimate capacities in set BS-FS is a result of the severe damage done to the beams under the combined freeze-thaw exposure and sustained load. Furthermore, a comparison between the strain profile at yielding and ultimate stages for each set reveals that beams BS-P1-FS, BS-P2-FS, and BS-P3-FS have almost similar strain values at yielding and ultimate loads. The reason is that these prestressed beams experienced high debonding between the CFRP strips and the concrete due to the applied environmental exposure and sustained load and failed shortly after yielding under static test when tested at room temperature.
CONCLUSIONS
The effects of freeze-thaw exposure, the combined freeze-thaw exposure and sustained load on the flexural performance of RC beams strengthened with prestressed and non-prestressed NSM-CFRP strips were investigated. Ten beams were subjected to accelerated environmental conditions and tested under static loading up to failure. Based on this experimental research and for the environmental exposure and long-term loading conditions used in this study, the following conclusions can be drawn:
(1) It was found that the freeze-thaw exposure with humidity had insignificant effects on the concrete and the concrete-epoxy interface of the beams strengthened using prestressed and nonprestressed NSM-CFRP strips. (2) The combined freeze-thaw exposure with fresh water spray and sustained loading had significant effects on the concrete and the concrete-epoxy interface. In this case, on average, the beams exhibited about 19% decrease in the yield load, 28% decrease in the ultimate load, 33% decrease in the ductility, 40% decrease in energy absorption up to the yield load, and 64% decrease in the energy absorption up to the peak load. (3) Under freeze-thaw exposure and sustained loading, the beams strengthened with prestressed NSM-CFRP strips were susceptible to debonding at the end regions of the NSM-CFRP strips while such negative effect was not observed in the beam strengthened with nonprestressed NSM-CFRP strips. (4) Under freeze-thaw exposure and sustained loading, the beam strengthened with prestressed NSM-CFRP strips exhibited less flexural cracks than the non-prestressed strengthened beam while the amount and extend of thermal cracks was similar for both types of the beams. The overall comparison of the beams tested in this research reveals that the beams strengthened with the prestressed NSM-CFRP strips subjected to combined severe environmental exposure and sustained loading, tested to failure in flexure under static monotonic loading, do not perform well especially after yielding of tension steel. In particular, the debonding of the NSM-CFRP strips at the end regions of the prestressed strengthened beams and the low ductility and energy absorption resulted from the severe damage to the concrete material are the issues that should be considered in investigating the long-term performance of the prestressed NSM-CFRP strengthened RC beams under freeze-thaw exposure and sustained loading.
